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tive slopes observed for P(p) near p = 0 in Figs.
1(b) and 2(b) imply that the radial coupling as-
sumed by Betz et al. ' cannot be the only source
of excitation, since for this mechanism the slope
of P(p) is expected to be zero for p =0.' In fact,
these P(p) distributions suggest that a rotational-
coupling mechanism may be involved also. It is
of considerable interest to explore these ques-
tions in detail. We have demonstrated that the
Doppler-shift technique introduced in these exper-
iments provides such an opportunity.
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Particle-Caviton Interactions
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Experiments using a controlled electron beam interacting with a caviton containing co-
herent rf fields demonstrate the importance of transit-time damping of localized high-
frequency fields. A small transverse magnetic field (I3 ~10.6, &,/&& 0.1) was sufficient
to eliminate such transit-time damping. A modulated electron beam is used to demon-
strate that the interaction between the beam and the caviton field is phase sensitive. Re-
generation of cavitons by streaming particles is discussed.

We wish to report experiments which demon-
strate that localized oscillating fields together
with their density perturbations (hereafter re-
ferred to as cavitons') are sensitively dependent
on the ambient background electron distribution
function. Our experiments consist of monitoring
the amplitude of the localized electric field of the
caviton in the presence of an electron distribu-
tion whose fast-electron population can be con-
trolled. Our results agree with recent theoreti-
cal studies' ' on the effective energy exchange
between cavitons and particles and the role of

this interaction in determining the saturation val-
ue of localized fields.

Our first experiment is performed in a modi-
fied double-plasma device. " A density gradient
is formed in the target side by arranging the fila-
ments preferentially. Our operation conditions
are hT, =2 eV, T,/T, =10, n=10' cm ', n, /Vn,
=25 cm, and y, „/&v~=10 '. A quasistatic exter-
nal rf field (mo/2m=300 MHz) is imposed on the
plasma by applying a signal to an antenna located
at the low-density side of the cha, mber ($o =3
V/cm). At the resonance region an intense local-
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FIG. l. (a) Relative electric field intensity vs the density of the electron beam at &b/&qb= 4.5. $1 is the electric
field in the presence of the beam, $0 the electric field without the injected beam. The solid curve is obtained by
using Eq. (2) where the wave convection loss term is obtained from one experimental point. This gives a value of
V~ = 0.008V&b, which agrees with the value of V~ measured [(0.007 to 0.01)V,b] in previous caviton experiments
(Ref. 7) . (b) The relative electric field intensity vs the velocity of the electron beam for n&/no = 2.5'. The solid
curve is Eq. (2).

ized electric field and a density perturbation or
caviton are produced (f2/4nnoT ~1). The caviton
is essentially one dimensional with an axial width
of 20k. D and a transverse dimension of 600~D.
The magnitude of the electric field is measured
by a diagnostic electron gun" (5-9 keV, 100 nA,
nb=10' cm ') in the radial direction. A controlled
electron beam of variable energy (-,'mv, ' «150 eV,
hvb/v, = &} and density (nb/n, =0.5o/c to 4o/o} can be
launched from the source side into the target side
along the axial direction by suitably biasing the
two separation grids. The resulting electron dis-
tribution is measured with a disk probe, whose
current-voltage characteristic is differentiated
by an on-line computer. The beam density is ob-
tained by integration of the beam distribution.

Under our operating conditions the effect of col-
lisional damping on the electric field is negligi-
ble and the density gradient remains unchanged
under the injection of our controlled electron
beam. The sensitive dependence of the electric
field intensity $' inside the caviton on the beam
density n~ at a fixed beam velocity is shown in
Fig. 1(a). With a beam density as low as nb/n,
=0.6/o, $' is reduced to half the intensity ob-
tained without the injected beam. The interac-
tion also reveals the preferential scattering of
electrons at high velocities as shown in Fig. 1(b).
When v~=3v, b, the field intensity drops to half
its initial value. For a caviton width of 20A. D,
particles with v &3v, h make a transit through the
characteristic width of the caviton in around one

period.
One method to reduce transit-time damping is

to impose a transverse magnetic field such that
particles cannot freely stream through the cavi-
ton regions. In our second experiment' a weak
and uniform magnetic field (&u, /&u~ «0. 1) is pro-
duced by two large Helmholtz coils (50 cm in
diameter). In a steady-state discharge plasma
the electron distribution consists of background
plasma with temperature T, =2 eV and a small
percentage of primary electrons (n~/n, =0.5/o)
with energy 30-40 eV. Both types of electrons
can contribute to transit-time damping, but the
primary electrons make a larger contribution
because they can traverse the caviton in less than
one period. When a magnetic field is turned on
(B =2 G), most of the background electrons are
restricted to small circular orbits with r (20k. D
and are rendered ineffective in causing transit-
time damping. The caviton field therefore starts
to increase with the imposed magnetic field (see
Fig. 2). At a larger magnetic field (B=7 G},
where the fast electrons have gyroradii compara-
ble to the distance between. discharge filaments
and caviton, the population of fast electrons and
its transit-time damping are drastically reduced.
The enhancement in $' reaches a maximum (a fac-
tor of 5) at this magnetic field. This experiment
was also performed in an afterglow plasma in
which the primary electrons are no longer pres-
ent. The initial $' is higher than with the caviton
obtained during the discharge. However, there is
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FIG. 2. The enhancement of the electric field in the
presence of a weak magnetic field. &, steady-state
plasma measurement; 0, afterglow plasma measure-
ment. $0 is the field intensity without the magnetic
field. The dashed line indicates the theoretical value
of the magnetic field at which the transit-time damping
by fast electrons is eliminated.

only a mild enhancement by the magnetic field be-
cause the population of fast electrons is small to
start with. We wish to point out that this result
is relevant in understanding the physics behind
caviton formation in the ionosphere (&u, /&u~ =0.2)
and laser-plasma interactions in the presence of
self-generated magnetic fields (a&, /~~=0. 04).'

When electrons pass through the caviton they
gain or lose energy depending on their phase with
respect to the coherent oscillations of the caviton
field. An electron distribution with a finite spread
always gains energy according to a second-order
calculation in which the orbit perturbation is tak-
en into account. ' Consider a particle entering the
caviton region at a particular phase of the rf field
(Fig. 3). If the phase is favorable, the particle is
accelerated to a higher velocity and continues to
gain energy. However, if the same particle is in-
itially decelerated to a lower velocity and spends
more time inside the caviton, thereby sampling
electric fields of alternate signs, it will not gain
as much energy from the caviton as it would at
the optimum phase. After averaging over all the
possible phases at which a distribution of parti-
cles can interact with a caviton, there is found
a net drain of energy from the caviton.

The phase-coherent feature of particle-caviton

FIG. 3. ~ vs X diagram to illustrate energy ex-
change between particles and cavitons for twenty dif-
ferent phases evenly distributed between zero and 2r,
for v&/v, g = 6 and $'/4xnoT ~ 1. The positive maximum
energy gain is always larger than the maximum nega-
tive energy gain for every initial velocity. The dashed
line indicates the localized E field profile.
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FIG. 4. The relative field intensity as a function of
the relative phase between the beam and resonant field.
v& /v, h

= 4, n& /n& = 1/0, 4 0 /4xn pT = 1.

interaction is only evident if the particle distribu-
tion is modulated both in velocity and in time,
i.e., bursts of particles are constrained to en-
counter the caviton at a particular phase of its
oscillation cycle. In another experiment we have
deliberately superimposed a sinusoidal modula-
tion on our injected electron beam flux through
the acceleration grid. As can be observed in Fig.
4, only at a certain phase angle is there a signif-
icant reduction in the caviton field. Although the-
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v + (n/n, )V(v,„)
v + (n/n, )V(v, „)+(n, /n, )V(v,)' (2)

where n, and v,„arethe background density and
mean velocity, respectively, and n, and v, are
the beam density and mean velocity, respectively.
This result is found to yield good agreement be-
tween theory and experiment in Fig. 1.

In order to explain the phase dependence in Fig.
4 we denote the phase-sensitive portion of the

oretically cavitons can gain energy from bursts
of beam electrons, no net enhancement has yet
been observed in the experiment because all the
beam electrons would have to undergo very sharp
modulation in density and velocity in order to
avoid transit-time damping incurred by any slight
velocity spread or out-of-phase particles. Our
calculations indicate that the phase angle must be
controlled to within he ~ m. Thus (hv/v)/(x, /v)&u

& m, where x, is the distance from the modulation
grid to the caviton. For our experimental condi-
tions this requires an energy spread of 0. 1 eV as
compared with our present value of 5 eV.

To explain our experimental results quantita-
tively we consider the energy transport from the
caviton region according to the following equation:

v, $'/4m+ ( J „vf(v)E(v)dv),„=p,~, (1)

where the average is taken over all possible phas-
es in the particle-caviton interaction and E is the
energy exchange. The first term describes wave
convection; the second, transit-time damping;
and the right-hand side, the pump. All quantities
on the left-hand side are evaluated at the bounda-
ries of the caviton.

By following particle trajectories through a cav-
iton by computer we found that the transit-time
damping is essentially given within our parameter
range by

f vf(v)Edv =nV(v) $'/4', .

The energy exchange E is the maximum pondero-
motive potential energy $'/4nn, modified by an ef-
fective group velocity V which is a function of the
mean velocity of the distribution v.

The equations governing our injected-electron-
beam experiment can be obtained by using this
result in Eq. (1). For the same pump strength,
we get one equation for the case with an injected
bea.m (peak electric field = $,) and one equation
for the case without (peak electric field = g, ).
Combining these two equations gives

beam by 6n, cos8. Equation (2) then becomes

$,'/$, ' ~A [1—(5n~/n, )cos 8]

for 5n~«n„where A, is constant. This is in
agreement with the experimental data in Fig. 4.

In a collisionless plasma where particles re-
tain their phase information, cavitons can be re-
generated in the following manner: Consider a
density gradient subject to the excitation of two
or more frequencies w„co,. Two cavitons are
established at their resonant locations separated
by a distance L. Particles passing through these
cavitons are bunched into beams at favorable
phases and are effectively modulated at all har-
monics of the caviton frequency. The velocity
distribution undergoes a perturbation QJ', (v, n~)
&exp[- inst+ i(nw/v)x]. By use of a treatment
similar to plasma echoes it can be shown" that
after traversing through two cavitons particles
will regroup at echo locations x = [nba, /(neo,
—mrs, )]I, oscillating at frequencies (u = n&, —mrna, .
If such locations and frequencies also satisfy ~
= or~(x) then new cavitons are formed. Thus parti-
cles may serve as the intermediary between sta-
tionary cavitons, continuously destroying and
creating cavitons.

In summary, we have demonstrated the impor-
tance of kinetic effects in the physics of cavitons.
Only in the presence of a weak magnetic field,
where transit-time damping is greatly reduced,
can the usual fluid theories be applied.
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with Dr. G. Morales. This work was supported by
the U. S. Air Force Office of Scientific Research
under Grant No. 72-2332.
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G. Martens, P. Rabe, N. Schwentner, and A. Werner
lnstitut Qr Expertmentalphysik, Universitat Kiel, Kiel, Germany

(Received 28 June 1977)

The superposition of two scattering shells produces beats in the envelope function of the
extended x-ray-absorption fine-structure spectrum and a modulation in the scattering
phases. From the k values of the extrema in the envelope function and from the inflection
points of the phases the separation of these shells can be calculated without knowledge of
the scattering phases of the single shells. A resolution in R space up to 0.02 A can be ob-
tained even in cases where methods used so far are not able to resolve the scattering
shells.

Absorption spectra of polyatomic systems show
a modulation of the absorption coefficient above
the ionization energies of inner shells. It has
been attributed to an interference of the ejected
photoelectrons at the site of the absorbing atom.
For K-shell excitation the modulating part of the
absorption coefficient called the extended x-ray-
absorption fine structure (EXAFS) is described
by

X(k) = O'Q, A,—(k) sin[2kR, . + cp,.(k) ]

with

A, (k) = (N, /Rp ) ~f,.(s, k)
~
exp(-2o, 'k' - 2R,./~),

where ¹ is the number of atoms in the ith shell
at a distance R,. to the absorbing atom, If,(n, k) ~

is the amplitude for scattering through angle 8= m.

o, ' describes the mean-square displacement of
the atoms from their average positions. The
mean free path A, of the electrons takes into ac-
count the observed decreasing contribution of
more distant shells. The phase shift y(k) is due
to the influence of the potentials of the absorbing
atom and the scattering atoms on the electron
wave.

Several attempts have been made to extract
structural information from EXAFS. The most
general methods used are fitting procedures"
and Fourier transform methods. ' ' A fitting
procedure is limited to simple fine structures
built up from one or two scattering shells be-
cause of the rapidly increasing number of param-
eters for more shells. The Fourier transform
method can be applied to more complicated struc-

tures. From X(k) a radial structure function
~ E(r)

~
can be derived. The maxima of this func-

tion are generated by shells of scattering atoms
surrounding the absorbing atom, The positions
of the peaks in

~ E(r) ) are shifted compared to
the true distances due to contributions of the
scattering phases that depend on k.

Several problems for the determination of atom-
ic distances arise from this Fourier transform
method: (i) The scattering phases in general are
unknown, Major efforts have been made to cal-
culate the phases' or to extract them from ex-
perimental data." The transferability of phase
shifts has been emphasized especially. ' (ii) The
reference energy necessary for the conversion
of the energy scale to the k scale is unknown.
Usually the inflection point of the K edge is used
to fix the k scale. This arbitrary choice leads to
distortions, especially in the low-k-value region.
(iii) Because the range in k space where EXAFS
can be observed with sufficient amplitudes is
limited, the radial structure function yields
broadened features. The widths of these features
determine the resolution in R space especially
for close-lying shells.

Here an extended Fourier transform method
will be presented for pairs of scattering shells.
It will be shown that the resolution in R space
can be improved compared to the Fourier trans-
form methods used up to now, Further, in con-
trast to usual Fourier transformations, a knowl-
edge of the phase is not necessary to determine
in bond lengths.

%e consider an EXAFS spectrum for two con-
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